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a b s t r a c t
M4 is a multifunctional neuron in the Caenorhabditis elegans pharynx that can both stimulate peristaltic
contractions of the muscles in the pharyngeal isthmus and function systemically to regulate an enhanced
sensory response under hypoxic conditions. Here we identify a third function for M4 that depends on
activation of the TGF-β family gene dbl-1 by the homeodomain transcription factor CEH-28. dbl-1 is
expressed in M4 and a subset of other neurons, and we show CEH-28 speciﬁcally activates dbl-1
expression in M4. Characterization of the dbl-1 promoter indicates that CEH-28 targets an M4-speciﬁc
enhancer within the dbl-1 promoter region, while expression in other neurons is mediated by separate
regulatory sequences. Unlike ceh-28 mutants, dbl-1 mutants do not exhibit M4 synaptic and signaling
defects. Instead, both ceh-28 and dbl-1 mutants exhibit morphological defects in the g1 gland cells
located adjacent to M4 in the pharynx, and these defects can be partially rescued by M4-speciﬁc
expression of dbl-1 in these mutants. Identical gland cell defects are observed in sma-6 and daf-4
mutants defective in the receptor for DBL-1, but they are not observed in sma-2 and sma-3 mutants
lacking the R-Smads functioning downstream of this receptor. Together these results identify a novel
neuroendocrine function for M4 and provide evidence for an R-Smad-independent mechanism for DBL-1
signaling in C. elegans.
& 2014 Elsevier Inc. All rights reserved.
Introduction
At the cellular level, the Caenorhabditis elegans nervous system is
remarkably simple and well characterized. In adult hermaphrodites,
the nervous system consists of 302 cells that can be divided into a
pharyngeal nervous system of 20 cells and an extra-pharyngeal
nervous system of 282 cells. Electron micrographic reconstructions
have produced a wiring diagram describing cellular morphology and
synaptic connectivity throughout both the pharyngeal and extra-
pharyngeal nervous systems (Albertson and Thomson, 1976; White
et al., 1986). While many excellent studies have revealed a great deal
about how this nervous system senses the environment, controls
various behaviors, and affects development (Ardiel and Rankin, 2010;
Avery and You, 2012; Schafer, 2005), we still do not understand how
such a simple nervous system carries out so many complex functions.
Many C. elegans neurons appear multifunctional and cannot be
easily classiﬁed as a single morphological type, such as motor neuron,
sensory neuron, or interneuron (Albertson and Thomson, 1976; White
et al., 1986). In addition, a variety of neurons also synthesize factors
controlling developmental and homeostatic processes such as dauer
formation, fat storage, and body size (Ashraﬁ, 2007; Gumienny and
Savage-Dunn, 2013; Hu, 2007). Such multifunctionality may be one
mechanism by which this simple nervous system controls many
complex behaviors (Avery and Thomas, 1997).
The pharyngeal motor neuron M4 is a multifunctional neuron that
stimulates contraction of the muscles in a region of the pharynx
called the isthmus and regulates enhanced sensory perception during
hypoxia (Avery and Horvitz, 1989; Pocock and Hobert, 2010). M4
forms en passant synapses on the muscles in the posterior isthmus,
and synaptic vesicles at these synapses are believed to release acetyl-
choline onto the isthmus muscles to stimulate a wave-like, peristaltic
contraction in these muscles (Albertson and Thomson, 1976; Ray et al.,
2008). M4 also contains larger dense core vesicles (DCVs) that are not
found in other pharyngeal motor neurons (Albertson and Thomson,
1976). DCVs are believed to secrete neuropeptides and hormones
(Burgoyne and Morgan, 2003), and the M4 DCVs likely release the
FMRFamide neurotransmitter FLP-21 to affect the extra-pharyngeal
nervous system under hypoxic conditions (Pocock and Hobert, 2010).
In addition, both morphological features and gene expression patterns
suggest M4 has other signaling functions. First M4 synapses onto the
pharyngeal g1 gland cells, which are secretory cells that extend ducts
through the isthmus that join the pharyngeal lumen (Albertson
and Thomson, 1976). The gland cells secrete a variety of mucin-like
proteins that facilitate bacterial transport through the pharyngeal
lumen during feeding (Smit et al., 2008). Second, M4 expresses genes
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encoding signaling molecules such as the FGF-family member egl-17
and the TGF-β family member dbl-1 suggesting M4 may have other
signaling functions (Burdine et al., 1998; Suzuki et al., 1999).
We are interested in the role the NK-2 homeodomain transcription
factor CEH-28 plays in M4. CEH-28 is expressed exclusively in M4
from mid-embryogenesis through adulthood, and it plays a crucial
role in regulating M4 synapse formation and stimulation of isthmus
peristalsis (Ray et al., 2008). In ceh-28mutants, synapses are morpho-
logically abnormal, and they are inappropriately located in regions
that normally exhibit dendritic characteristics (Albertson and
Thomson, 1976). ceh-28 mutants can hyper-stimulate peristaltic con-
tractions of the pm5 muscles that make up the pharyngeal isthmus
(Ray et al., 2008).
In this work we investigate the function and regulation of dbl-1
gene expression in M4. dbl-1 Encodes a TGF-β family factor that is part
of the Sma/Mab pathway, and it is expressed in M4 and a subset of
pharyngeal and extra-pharyngeal neurons (Gumienny and Savage-
Dunn, 2013). dbl-1 was initially characterized based on its develop-
mental role as a regulator of body size and male tail morphogenesis
(Morita et al., 1999; Suzuki et al., 1999), but more recently it has been
found to function throughout the life-cycle as a regulator of innate
immunity, reproductive aging, and aversive olfactory learning (Luo
et al., 2010; Zhang and Zhang, 2012; Zugasti and Ewbank, 2009).
Here we show that dbl-1 expression in M4 depends on CEH-28,
and that dbl-1 expression in M4 regulates g1 gland cell morphology.
CEH-28 activates dbl-1 expression in M4 by targeting a cell-speciﬁc
enhancer, and mutation of CEH-28 binding sites in this enhancer
strongly reduces its activity. The g1 gland cells exhibit abnormal
morphology in both ceh-28 and dbl-1 mutants, and restoring expres-
sion of dbl-1 in M4 partially rescues these mutant defects. DBL-1
secretion does not depend on DCV release as unc-31mutants defective
in this process exhibit normal gland cell morphology. DBL-1 signaling
affecting gland cells requires the Sma/Mab pathway receptors SMA-6
and DAF-4 but does not require the receptor-regulated Smads SMA-2
and SMA-3. These results identify a novel function for DBL-1 and the
M4 cell, and we suggest DBL-1 protein secreted from M4 non-
autonomously activates a Smad-independent TGF-β signaling path-
way affecting gland cell morphology.
Materials and methods
Nematode handling, transformation and strains
C. elegans were grown under standard conditions (Lewis and
Fleming, 1995). Germline transformations were performed using
standard techniques (Mello and Fire, 1995) using injection mixes
containing pRF4 rol-6(su1006) (100 ng/μl) and gfp or other plas-
mids (10–25 ng/μl).
The following strains were used in this study: BW1946 ctIs43[Pdbl-
1::gfp]; unc-42(e270) V, BW1806 dbl-1(ev580) V (kindly provided by Y.
Suzuki, University of Colorado), (Suzuki et al., 1999), OK0542 ctIs43;
unc-42(e270) V; ceh-28(cu11) X, OK0543 ctIs43; unc-42(e270) V; ceh-28
(tm1258) X, OK0435 cuEx324[ceh-28::gfp] (Ray et al., 2008), OK0545
dbl-1(ev580); cuEx324.
The following strains were used to analyze 50 deletions of the dbl-1
promoter: OK0830 cuEx659[Pdbl-1::gfp 3764Δ], OK0833 cuEx662
[Pdbl-1::gfp 3061Δ], OK0837 cuEx666[Pdbl-1::gfp 2472Δ], OK0839
cuEx668[Pdbl-1::gfp 1278Δ]; OK0842 cuEx671[Pdbl-1::gfp 646Δ].
The following strains were used to assay dbl-1 M4 enhancer
activity in wild-type and ceh-28(cu11) mutants respectively: OK0765
cuEx613[dbl-1 M4 enhancer wild-type], OK0766 ceh-28(cu11); cuEx613,
OK0772 cuEx619[M4 enhancer-825mut], OK0774 cuEx621[M4 enhancer-
738mut], OK0780 cuEx627[M4 enhancerdouble_mut].
The following strains were used to examine pharyngeal g1 gland
cell morphology GD26 ivEx[phat-3::yfp] (kindly provided by J. Gaudet,
University of Calgary), OK0567 ceh-28(cu11); ivEx[phat-3::yfp], OK571
ceh-28(tm1258); ivEx[phat-3::yfp], OK0792 dbl-1(ev580); phat-3::yfp,
OK585 daf-1(m40) IV; ivEx[phat-3::yfp], OK586 daf-4(m72)III; ivEx
[phat-3::yfp], OK584 sma-6(wk7); ivEx[phat-3::yfp], OK0977 ivIs12
[phat-1::yfp] (kindly provided by J. Gaudet, University of Calgary,
Canada), GD273 sma-2(e502) III; ivIs12 II, GD274 sma-3(e491) III; ivIs12
II (Raharjo et al., 2011), OK1014 daf-8(e1393) I; ivIs12 II, OK1015 daf-14
(m77) IV; ivIs12 II, OK1016 daf-3(mg90) X; ivEx[phat-3::yfp], OK1017
sma-4(e729) III; ivIs12 II, OK0762 cuEx611[pser-7b::dbl-1; phat-3::yfp],
OK0763 dbl-1(ev580); cuEx611, OK0859 ceh-28(cu11); cuEx611. N2
worms were injected with 15 ng/ml of pOK210.01 [phat-3::yfp],
pOK230.01[Pser-7b::dbl-1] and 100 ng/ml of pRF4 to make OK0762.
To investigate gland morphology in unc-31 mutants, the fol-
lowing strains were used, CB928 unc-31(e928) (kindly provided by
J. Richmond, UIC), and OK0973 unc-31(e928); ivIs12.
General methods for nucleic acid manipulations and plasmid
construction
Standard methods were used to manipulate all DNA sequences
(Ausubel, 1990) and all plasmids are available from the authors.
The full-length Pdbl-1::gfp pMYþNLS/pOK205.01 containing bp
11,900–16,530 of T25F10 cosmid (Accession #U64856) was provided
by W. Wood (University of Colorado) (Suzuki et al., 1999). Deletions in
Pdbl-1::gfp are named to indicate the number of base-pairs upstream
of the dbl-1 translational start site and were generated by restriction
digestion to the following sites in the dbl-1 promoter: SphI (3764Δ;
pOK264.09), NheI (3601Δ; pOK264.01), DraIII (2472Δ; pOK2
64.03), HindIII (1278Δ; pOK 264.07), and XbaI (646Δ; pOK2
64.05).
The M4 enhancerwild-type was ampliﬁed from pOK205.01, and a
HindIII-XbaI fragment (bp 15,281–15,916 of cosmid T25F10) was
inserted upstream of the Δpes-10::gfp to make pOK272.06. CEH-28
binding sites in the enhancer where separately mutated using Quik
Change Lightning Multi Kit (Stratagene) in pOK272.06 to produce M4
enhancer825mut plasmid pOK277.01 and M4 enhancer738mut plas-
mid pOK277.03, respectively. The M4 enhancerdouble_mut plasmid
pOK277.05 was created by mutating the site at 738 bp in
pOK277.01. The constructs were sequenced to conﬁrm the presence
of targeted mutations. The adjacent fragment of the dbl-1 promoter
(bp 13,502–15,284 of cosmid T25F10) was ampliﬁed and a HindIII-
NheI was inserted upstream of Δpes-10::gfp to generate pOK274.19.
The Pser-7b::dbl-1 expression plasmid pOK230.01 was con-
structed by amplifying the full-length dbl-1 orf from yk1350b03/
pOK227.03 (provided by Y. Kohara) with primers PO801 [AGGTAC-
CAAAATGAACGACTCTGTGCGGAC] and PO803 [CCAGAATTCTAAT
GTGCGACGACGATGG] digesting with KpnI and EcoRI, and inserting
this fragment downstream of the ser-7b promoter in KpnI–EcoRI
digested pOK197.03 (Hobson et al., 2003).
Identiﬁcation of candidate CEH-28 binding sites in the dbl-1 promoter
Candidate CEH-28 binding sites were identiﬁed by scanning the
dbl-1 promoter using the WormBase function Annotate Sequence
Motif (www.wormbase.org) with the JASPAR position-frequency-
matrix MA0264.1 (jaspar.cgb.ki.se) at a threshold of 0.82 (Berger
et al., 2006). We identiﬁed 8 CEH-28 binding sites starting at base pair
2810, 2668, 2441, 2107, 2042, 835, 738, and 497 bp
upstream of the dbl-1 translational start site. Conserved sites were
identiﬁed in the dbl-1 promoter using multiz alignments of the
C. elegans, C. briggsae, C. remanei, C. brenneri and C. sp. 11 genomes
(http://genome.ucsc.edu/).
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Microscopy
Micrographs of wild-type and mutant animals were acquired
using a Zeiss Axioskop microscope using an Axiocam MRm
camera. Images were analyzed using AxioVision software and
processed using Adobe Photoshop.
To analyze pharyngeal pumping and peristalsis, L1 larvae from
wild-type and dbl-1(ev580) were selected and recorded as described
previously (Ray et al., 2008). For each genotype, pumping and
peristalsis were analyzed in at least 5 animals for approximately 30 s.
M4 synapses in wild-type and dbl-1(ev580) mutants were
visualized using a ser-7b::snb-1::gfp fusion described previously
(Ray et al., 2008). Z-stacks of SNB-1::GFP were acquired using a
Zeiss Axiovert 200 microscope and deconvolved using AxioVision
4.3 software. Adjacent focal planes exhibiting GFP throughout two
pharyngeal nerve cords were Z-projected using maximum ﬂuor-
escence and ﬂuorescence intensity proﬁles were generated on a
Macintosh computer using ImageJ (developed at the US NIH and
available at http://www.rsb.info.nih.gov/nih-image/).
Results
dbl-1::gfp is not expressed in ceh-28 mutant M4 cells
A dbl-1 promoter::gfp fusion (Pdbl-1::gfp) containing a 4.6 kb
promoter fragment was previously shown to be expressed in a subset
of neurons, including the pharyngeal neurons M1, M2, M4, M5 and I5,
as well as non-pharyngeal neurons including some amphid neurons
and neurons of the ventral nerve cord (Suzuki et al., 1999). To
determine if dbl-1 expression in M4 requires CEH-28, we compared
expression of Pdbl-1::gfp in wild-type animals and ceh-28 mutants. In
wild-type animals, strong Pdbl-1::gfp expression was observed in the
M4 cell in 96% of transgenic adults (Fig. 1B and C; n¼57).
In comparison, strong Pdbl-1::gfp expression in M4 was observed
in only 17% of ceh-28(cu11) adults (n¼53) (Fig. 1D and E) and 19% of
ceh-28(tm1258) adults (n¼47). Thus, ceh-28 functions upstream of
dbl-1 and is speciﬁcally required for Pdbl-1::gfp expression in M4.
A ceh-28::gfp reporter is expressed normally in the M4 neuron of dbl-1
(ev580) mutants (Supplementary Fig. S1), indicating that DBL-1 is not
necessary for M4 differentiation.
The dbl-1 promoter contains separable regulatory regions controlling
expression in M4 and other neurons
To determine if the dbl-1 promoter could be directly targeted by
CEH-28, we searched for sequences matching the binding site for the
related NK-2 homeodomain factor CEH-22 (jaspar.genereg.net; ID
MA0264.1; (Berger et al., 2006)). NK-2 family factors are characterized
by a tyrosine residue at homeodomain position 54 that is crucial to
DNA-binding speciﬁcity (Harvey, 1996; Pradhan et al., 2012), and CEH-
22 and all characterized members of this family bind similar DNA sites
(Berger et al., 2006; Okkema and Fire, 1994). The CEH-22 and CEH-28
homeodomains are 62% identical, and it is likely they exhibit very
similar DNA-binding speciﬁcity. We found 8 candidate CEH-28 binding
sites in the dbl-1 promoter (Fig. 2A), with three of these sites con-
served in the dbl-1 promoter in related nematodes based on multiz
alignments (http://genome.ucsc.edu/).
To identify sequences regulating dbl-1 expression, we examined
the intensity and frequency of GFP expression in transgenic animals
bearing 50-deletions of Pdbl-1::gfp. Notably, a deletion to 2472
largely eliminated Pdbl-1::gfp expression in most neurons but retained
strong expression in M4 (Fig. 2A and D; Table 1). This suggests
separable regulatory sequences control dbl-1 expression in M4 and
other neurons. A moderate decrease in the frequency and intensity of
Pdbl-1::gfp expression was observed when sequences were further
deleted to 1278, and expression was completely lost when deleted
to 646 (Fig. 2E and F; Table 1). These results suggest that the
candidate CEH-28 binding sites in the dbl-1 promoter contribute
additively to expression in M4, and indicate that the region between
1278 and 646 contains sequences necessary for activating dbl-1
expression in M4.
The dbl-1 promoter contains an M4-speciﬁc enhancer activated by
CEH-28
We next tested fragments of the dbl-1 promoter containing
candidate CEH-28 binding sites for enhancer activity by asking if
they could activate expression of a Δpes-10::gfp reporter. The Δpes-
10::gfp alone is not expressed in transgenic C. elegans, but it is
sensitive to upstream enhancers (Okkema and Fire, 1994). A 1783
bp fragment between regions 3061 bp and 1278 bp containing
5 candidate CEH-28 binding sites had no detectable enhancer
activity (Fig. 3A; data not shown). In contrast, the adjacent 632 bp
fragment between regions 1278 bp and 646 bp containing
2 candidate CEH-28 sites exhibited strong, M4-speciﬁc enhancer
activity, and we refer to this fragment as the M4 enhancer (Fig. 3A
and B; Table 2). When examined in a ceh-28(cu11) null mutant
background, activity of the M4 enhancer was completely lost
(Fig. 3C; Table 2). Thus the M4 enhancer depends on CEH-28.
The M4 enhancer contains two candidate CEH-28 binding sites:
one located at bp 825, which is conserved in other Caenorhabditis
species, and a second at bp 738. We tested the effect of mutations in
Fig. 1. Pdbl-1::gfp expression in wild type and ceh-28 mutants. (A) Schematic
diagram of the pharynx indicating the M4 neuron (blue) (adapted from Albertson
and Thompson, 1976). The M4 cell body (arrowhead) is located in the pharyngeal
metacorpus, and it extends two processes through the pharyngeal isthmus. (B–E)
DIC and ﬂuorescence micrographs of a wild-type animal (B and C) and a ceh-28
(cu11) mutant (D and E) expressing Pdbl-1::gfp. The M4 neuron is marked
(arrowheads).
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each of these sites on M4 enhancer activity either alone or in a double
mutant. Mutation of the site at 825 led to a decrease in the intensity
of GFP expression level and a moderate decrease in the frequency of
animals expressing GFP, whereas mutation of the site at 738 had
little effect on enhancer activity (Fig. 3D and E; Table 2). In compar-
ison, a double mutant affecting both of these sites had a stronger
reduction in both the intensity and frequency of GFP expression in M4,
although weak expression was still observed in some animals (Fig. 3F;
Table 2). These results indicate that both sites contribute to activity of
the M4 enhancer, and strongly suggest that CEH-28 directly activates
dbl-1 expression in M4.
M4 neuronal function and synapses are normal in dbl-1 mutants
ceh-28 Mutants exhibit frequent and prolonged peristalses of
the pharyngeal isthmus muscles and a stuffed pharynx phenotype,
and we believe these phenotypes result from abnormal and mis-
positioned synapses in M4 throughout the isthmus (Ray et al.,
2008). Because, TGF-β mediated signals have been implicated in
synapse assembly and positioning in other organisms (Marques,
2005), we examined M4 neuronal function and synapses in dbl-1
(ev580) mutants. However, in both assays, dbl-1 mutants appear
normal.
Fig. 2. Deletion analysis of the dbl-1 promoter. (A) Schematic diagram of the Pdbl-1::gfp indicating candidate CEH-28 binding sites (circles; red indicate conserved) and the
endpoints of promoter deletions. Relative expression levels and frequency in M4 and other neurons inside and outside the pharynx are indicated. Deletion endpoints are
numbered by distance upstream of the dbl-1 ATG codon. (B–F) DIC (left) and ﬂuorescence (right) micrographs of adult animals expressing the indicated Pdbl-1::gfp deletions
numbered as in (A). The M4 cell body is marked with an arrowhead.
Table 1
Frequency of Pdbl-1::gfp expression in M4.
Pdbl-1::gfp promoter deletions Frequency of expression in M4 (n)a
4658Δ 85% (40)
2472Δ 64% (50)
1278Δ 40% (45)
646Δ 0% (40)
a M4 GFP expression was scored in transgenic adults.
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We used video microscopy to examine pharyngeal contractions
in wild-type and dbl-1(ev580) mutant L1 larvae, and found dbl-1
mutants exhibit normal pharyngeal pumping and peristalses. In
particular, the length of isthmus peristalses are very similar in wild
type and dbl-1 mutants (Table 3). Consistent with normal phar-
yngeal function, we never observed a stuffed pharynx phenotype
in dbl-1(ev580) mutant adults (n¼74).
We next examined synapses in dbl-1(ev580) mutants using a snb-
1::gfp fusion gene expressed speciﬁcally in the M4 cell using the ser-7b
promoter (Ray et al., 2008). SNB-1::GFP is a functional synaptobrevin
that marks synaptic vesicles (Nonet, 1999). In both wild-type and dbl-1
(ev580) animals SNB-1::GFP marked synapses are appropriately
localized in the posterior region of the pharyngeal isthmus and these
synapses appear more uniformly sized and spaced than we have
previously observed in ceh-28 mutants (Fig. 4) (Ray et al., 2008).
Fig. 3. Identiﬁcation and analysis of the M4 enhancer. (A) Schematic diagram of the dbl-1 promoter region and fragments tested for enhancer activity (gray bars; numbered
as in Fig. 1). (B and C) DIC and ﬂuorescence micrographs of wild-type (B) and ceh-28(cu11) (C) adult animals expressing Δpes-10::gfp containing the wild-type M4 enhancer.
(D and E) Micrographs of wild-type adults expressing Δpes-10::gfp containing mutated M4 enhancers. The M4 cell body is marked with an arrowhead.
Table 2
Activity of the M4 enhancer depends on CEH-28 binding sites.
Genotype Percent animals expressing GFP
in M4 (n)a
cuEx613 [M4 enhancerwild type] 100% (30)
ceh-28(cu11); cuEx613 [M4 enhancerwild type] 0% (20)
cuEx619 [M4 enhancer825 mut] 63% (30)
cuEx621 [M4 enhancer738 mut] 95% (40)
cuEx627 [M4 enhancerdouble_mut] 30% (37)
a Transgenic adults were scored for GFP expression in M4.
Table 3
Pharyngeal pumping and peristalsis in dbl-1 mutants.
Wild typea dbl-1(ev580)b
Pump rate (pumps/min) 174739 179725
Procorpus contraction length (m s) 74714 79719
Posterior bulb contraction length (m s) 129728 118720
Isthmus peristalsis length (m s) 215738 210790
% Pumps followed by isthmus peristalsis 2.5% 10.5%
a Five N2 L1s were recorded for 29–30 s each, and a total of 442 pumps were
analyzed.
b Five dbl-1(ev580) L1s were recorded for 20–30 s each, and a total of 352
pumps were analyzed.
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In summary, the M4 cell function and synaptic morphology in dbl-
1(ev580) mutants appear similar to that of wild-type animals. These
observations are in sharp contrast with those from similar analyses of
ceh-28 mutants (Ray et al., 2008), and they indicate dbl-1 is not
necessary for M4 synapse formation or neuronal function.
ceh-28 and dbl-1 mutants exhibit similar defects in pharyngeal g1
gland cell morphology
The function of DBL-1 in M4 is unknown, but, as a secreted growth
factor, it likely affects nearby cells. The g1 pharyngeal gland cells are in
close proximity to M4, and M4 forms synapses on g1 (Albertson and
Thomson, 1976). The g1 cell bodies are located in the posterior bulb of
the pharynx, and they extend processes anteriorly along the dorsal
and subventral pharyngeal nerve cords, where they contact the M4
neuronal processes (Fig. 5A). The dorsal process extends the length of
the pharynx and connects to the pharyngeal lumen near the anterior
tip of the pharynx, whereas the subventral processes extend through
the isthmus and connect to the lumen near the anterior bulb.
We examined the g1 gland cells in ceh-28 and dbl-1 mutants and
found these animals had nearly identical defects in gland cell mor-
phology. The g1 gland cells were visualized using phat-3::yfp and phat-
1::yfp reporters labeling the g1 gland cell bodies and processes (kindly
provided by J. Gaudet), and identical results were obtained using hlh-
6::gfp and kel-1::gfp reporters as markers (data not shown). In wild-
type animals, the gland cell processes are thin and have a uniform
diameter along their entire length (Fig. 5B). In comparison, we found
these processes in the mutants often appeared thicker than in wild-
type animals and often exhibited abnormal swellings near the M4 cell
body (Fig. 5C–E). To rule out the possibility that gland cell defects
result from the reporter genes themselves, we directly compared wild
type and ceh-28(cu11) mutant gland cell processes in non-transgenic
animals using DIC microscopy and found that ceh-28(cu11) mutants
had g1 gland cell processes that were wider than those in wild-type
animals (Fig. 6). While the ceh-28(cu11) gland cell processes contained
vesicles similar to those of wild type animals, these processes did not
appear stuffed with vesicles, as has been previously observed in daf-9
and peb-1 mutants that also exhibit enlarged gland cell processes
(Albert and Riddle, 1988; Fernandez et al., 2004).
Normal gland cell morphology depends on the SMA-6 and DAF-4
receptors but is independent of R-Smads
DBL-1 is a TGF-β family ligand that is known to regulate body
size and male tail morphogenesis through the Sma/Mab signaling
pathway (Gumienny and Savage-Dunn, 2013), and we asked if
other components of this pathway also affect gland cell morphol-
ogy. sma-6 and daf-4 encode Type I and Type II receptor subunits,
respectively, that bind DBL-1, and we ﬁnd that both sma-6 and daf-
4 mutants exhibit g1 gland cell abnormalities similar to those
observed in dbl-1 mutants (Fig. 5F and G, Table 4).
DAF-4 also functions in another TGF-β signaling pathway
regulating dauer larvae formation with the DAF-1 Type I receptor
subunit (Gumienny and Savage-Dunn, 2013), and we asked if this
pathway also regulates gland cell morphology. We found that daf-
1 mutants exhibit only a weak gland cell defect, and most daf-1
mutants have a normal g1 gland cell morphology (Fig. 5H, Table 4).
Downstream signaling in response to TGF-β receptor activation
can occur via either Smad-dependent or Smad-independent path-
ways (Sieber et al., 2009). sma-2 and sma-3 encode R-Smads that
function in the Sma/Mab pathway, while sma-4 encodes a co-Smad
in this pathway (Gumienny and Savage-Dunn, 2013). sma-2 and sma-
3 mutants were previously shown to have normal g1 gland cells
(Raharjo et al., 2011), and we made similar observations (Fig. 5I and J,
Table 4). sma-4 mutants exhibited g1 gland cell defects at a low
frequency comparable to those observed in daf-1 mutants, but most
sma-4 animals had a normal gland cell morphology (Table 4; Fig. 5K;
Supplementary Fig. S2). daf-8 and daf-14 encode R-Smads that
Fig. 4. Characterization of SNB-1::GFP marked synapses in dbl-1 mutants. (A) DIC and Fluorescence micrographs showing the pharyngeal isthmus of wild-type and dbl-1
(ev580) mutant adults expressing SNB-1::GFP. M4 synapses appear as ﬂuorescent dashes in the M4 processes in the posterior half of the isthmus (bar). Anterior is left. Two
processes are visible in wild type while a single process is visible in dbl-1(ev580). (B) Representative proﬁles of SNB-1::GFP ﬂuorescence intensity in M4 processes.
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Fig. 5. g1 Gland cell defects in ceh-28 and TGF-β signaling mutants. (A) Schematic diagram of the pharynx indicating the g1 gland cells (green) (adapted from Albertson and
Thomson, 1976). (B–K) DIC and ﬂuorescence micrographs of the indicated mutants expressing the g1 gland cell markers phat-3::yfp (B-H) or phat-1::yfp (I–K). In wild-type
animals, the gland cell processes are thin and a uniform diameter. Thickened processes (arrowheads) and abnormal swellings (stars) are indicated. In some cases only the
subventral process are in focus.
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function in the dauer formation pathway, while daf-3 encodes the
co-Smad in this pathway (Gumienny and Savage-Dunn, 2013), and
mutants affecting each of these genes exhibited normal gland cell
morphology (Table 4; Supplementary Fig. S2). Thus DBL-1 affects
gland cell morphology independently of the known R-Smads and
functions through a Smad-independent signaling pathway mediated
by the SMA-6 and DAF-4 receptors.
dbl-1 expression in M4 partially rescues gland cell defects in ceh-28
and dbl-1 mutants
We hypothesize that DBL-1 is expressed and secreted from M4 to
affect gland cell morphology. To test this hypothesis, we asked if
expressing dbl-1 in the M4 cell using the ser-7b promoter would
rescue gland cell defects of dbl-1 and ceh-28 mutants. The ser-7b
promoter is active exclusively in M4, and we have previously shown it
remains active in ceh-28 mutants (Hobson et al., 2003; Ray et al.,
2008). Wild-type animals bearing this transgene exhibited normal
gland cell morphology, indicating that ser-7b::dbl-1 expression did not
adversely affect gland cell morphology (Fig. 7A; Table 4).
ser-7b::dbl-1 Partially rescued gland cell defects in both dbl-1 and
ceh-28 mutants (Fig. 7B and C; Table 4), although some animals still
exhibited gland cell abnormalities. These results indicate dbl-1 expres-
sion in M4 does affect gland cell morphology. Because both the dbl-1
mutants lacking all DBL-1 activity and ceh-28 mutants lacking DBL-1
only in M4 exhibited similar levels of rescue, we conclude that M4 is
the major source of DBL-1 affecting gland cell morphology.
DBL-1 secretion from M4 is not mediated by dense core vesicles
Neurons use dense core vesicles (DCVs) to secrete neuropeptides
and proteins from their cell somas using the regulated pathway of
secretion (Burgoyne and Morgan, 2003). The M4 neuron contains
dense core vesicles, and these DCVs are likely involved in secreting the
FLP-21 peptide that controls feeding behavior under hypoxic condi-
tions (Albertson and Thomson, 1976; Pocock and Hobert, 2010). DCVs
have been previously implicated in secreting TGF-βs in mammals
(Krieglstein and Unsicker, 1995; Lacmann et al., 2007; Specht et al.,
2003), and we were interested in determining if DBL-1 secretion from
M4 might be similarly mediated by DCVs.
unc-31 Encodes the only form of the calcium-activated protein for
secretion (CAPS) in C. elegans, and it is speciﬁcally required for DCV
release (Sieburth et al., 2007; Speese et al., 2007). To investigate if
DBL-1 secretion from M4 to the gland cells is mediated by DCVs, we
visualized g1 gland cell morphology in unc-31(e928) null mutants
using a phat-1::yfp gland cell reporter. However, none of the mutants
exhibited gland cell abnormalities (Supplementary Fig. S3; n¼35).
This result indicates DCV release is not necessary for DBL-1 secretion
from M4 via the regulated pathway and suggests that DBL-1 secretion
is mediated by other secretory mechanisms.
Discussion
Here we show that the NK-2 homeodomain transcription factor
CEH-28 functions speciﬁcally in M4 and regulates a previously
unidentiﬁed neurosecretory function of M4 by activating the TGF-β
family gene dbl-1. The dbl-1 promoter contains largely separable
sequences activating dbl-1 expression in M4 and other neurons, and
CEH-28 directly targets an M4 speciﬁc enhancer within the dbl-1
promoter. dbl-1 expression in M4 affects morphology of the g1 gland
cells, which directly contact M4. Despite being enriched in DCVs, M4
does not require DCV secretion to affect the gland cells, suggesting
that DBL-1 is secreted through the constitutive exocytic pathway
rather than through regulated release of DCVs (reviewed in Burgoyne
and Morgan, 2003). Finally we demonstrate that DBL-1 affects gland
cells through a Smad-independent, non-canonical TGF-β signaling
pathway (reviewed in Zhang, 2009).
CEH-28 is an upstream regulator of TGF-β signaling in M4
Our results strongly suggest that CEH-28 directly activates dbl-1
expression in M4. The dbl-1 promoter contains separate regions
that control expression in M4 and other neurons, and we identi-
ﬁed a transcriptional enhancer that speciﬁcally activates transcrip-
tion in the M4 cell. Activity of this enhancer was completely
dependent on wild-type CEH-28, and mutation of two candidate
CEH-28 binding sites strongly reduced enhancer activity. These
CEH-28 binding sites appear partially redundant, as single mutants
retain more enhancer activity than the double mutant. Interest-
ingly, the site at 825 has the strongest affect on enhancer activity
and this site is conserved in Multiz alignments of the C. elegans,
C. briggsae, C. remanei, C. brenneri and C. sp. 11 genomes (Kent et al.,
2002). In comparison, the site at 738 is not conserved at this
position in alignments with other species, and mutation of this site
affects enhancer activity only when both it and the 825 site are
Fig. 6. g1 Gland cell defects in untransformed ceh-28 mutants. DIC micrographs of
the anterior pharynx with the width of the dorsal g1 gland cell process marked
(arrows).
Table 4
Frequency of g1 gland cell abnormalities in ceh-28 and TGF-β signaling mutants.
Genotype % Adults exhibiting abnormal
g1 gland cell processes (n)a,b
Wild typec 9 (98)
ceh-28(cu11)c 64 (22)
dbl-1(ev580)c 76 (50)
daf-4(m72)c 72 (36)
sma-6(wk7)c 68 (37)
daf-1(m40)c 25 (24)
sma-2(e502)d 8 (37)
sma-3(e491)d 10 (35)
sma-4(e729)d 30 (60)
daf-8(e1393)d 9 (43)
daf-14(dr77)d 10 (42)
daf-3(mg90)c 7 (28)
cuEx611[ser-7b::dbl-1þphat-3::yfp]e 11 (38)
dbl-1(ev580); cuEx611e 36 (68)
ceh-28(cu11); cuEx611e 30 (20)
a g1 Gland cell abnormalities include thick gland cell processes, or abnormal
knobs or projections on the gland cell process.
b n¼The total number of adult animals scored using the yfp reporters to
visualize g1 gland cells
c Gland cell morphology was scored using a phat-3::yfp transgene ivEx
[C49G7.4::YFP].
d Gland cell morphology was scored using a phat-3::yfp transgene phat-1::yfp
transgene ivIs12.
e cuEx611 is an extrachromosomal transgene containing phat-3::yfp and ser-7b::
dbl-1.
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mutated. The observation that enhancer activity is lost in ceh-28
mutants, while low level enhancer activity remains when these
binding sites are mutated suggests additional sequences contri-
bute to enhancer activity in M4. These sequences might contain
more highly diverged CEH-28 binding sites, or alternatively a site
for another transcription factor that is dependent on CEH-28.
In mammals, the CEH-28-related factor NKX2.1 directly activates
expression of the TGF-β family gene Bmp4 in lung epithelial cells (Zhu
et al., 2004), suggesting that TGF-β family gene regulation by NK-2
homeodomain factors is conserved in some contexts. In the develop-
ing mouse lung, Nkx2.1 and Bmp4 are co-expressed only in the distal
branching epithelium (Zhu et al., 2004), and decreased activity of
either Nkx2.1 or Bmp4 results in similar defects in distal lung
morphogenesis (Minoo et al., 1999; Weaver et al., 1999). While the
processes of the pharyngeal gland cells in C. elegans are structurally
very different than branching epithelia in the lung, it is tempting to
speculate that TGF-β family gene regulation may have a conserved
function in morphogenesis of tubular structures.
Analysis of gland cell morphology in ceh-28 and dbl-1 mutants
reveals a new function for M4
M4 has two previously recognized functions. Ultrastructural and
functional studies demonstrated M4 functions as a motor neuron to
stimulate peristaltic contraction of the muscles in the isthmus of the
pharynx (Albertson and Thomson, 1976; Avery and Horvitz, 1989), and
this function likely depends on the release of acetylcholine from M4
(Ray et al., 2008). More recently, a second function of M4 was
described in an enhanced sensory response under hypoxic conditions
(Pocock and Hobert, 2010), and this function depends on release of the
FMRFamide related neuropeptide FLP-21.
In this work, we describe a third function for M4 in which
secretion of the TGF-β family factor DBL-1 affects the morphology
of the g1 gland cells. ceh-28 Mutants and dbl-1 mutants exhibit
abnormal gland cell morphology that include thicker processes
and swellings near the M4 cell body. It is unlikely that the gland
cells are enlarged due to increased secretion of gland cell-speciﬁc
mucin-like proteins because the phat genes encoding these pro-
teins are not over expressed in dbl-1 mutants (Ghai and Gaudet,
2008; Roberts et al., 2010). Likewise the dbl-1 mutant gland cell
processes are not ﬁlled with vesicles as has been observed in daf-9
and peb-1mutants, which have enlarged gland cells resulting from
molting defects (Albert and Riddle, 1988; Fernandez et al., 2004;
Jia et al., 2002). g1 Gland cell secretory activity is increased prior to
molting, and these secretions are believed to aid in shedding the
cuticle lining the pharynx (Hall and Hedgecock, 1991). However,
neither ceh-28 nor dbl-1 mutants have any obvious molting
defects, suggesting dbl-1 expression in M4 does not stimulate this
pre-molt secretory activity.
Our data indicates that M4 is the major source of DBL-1 signal that
affects gland cell morphology. However it is not clear whether DBL-1
secreted from M4 affects the gland cells directly, or whether its effect
could be indirect. M4 forms synapses on the g1 gland cells, and these
synapses have been suggested to stimulate gland cell activity during
molting and feeding (Albertson and Thomson, 1976). However, DBL-1
secreted fromM4 could also indirectly affect gland cell morphology by
altering the integrity of the pharyngeal muscle cells that surround the
gland cell processes. Both M4 and the g1 gland cell processes contact
pharyngeal muscles in the isthmus, and mutants that have weakened
pharyngeal muscles exhibit abnormalities in gland cell morphology
similar to those we observe in ceh-28 and dbl-1 mutants (Albertson
and Thomson, 1976; Raharjo et al., 2011). The pharyngeal muscles
have been shown to express the receptor protein SMA-6, while
expression has not yet been reported in the gland cells (Krishna et
al., 1999; Yoshida et al., 2001).
DBL-1 affects gland cell morphology through an R-Smad independent
pathway
Many characterized effects of TGF-β signaling depend on the
canonical TGF-β signaling pathway in which activated receptors
phosphorylate receptor regulated Smads (R-Smads), leading to com-
plex formation with a co-Smad and translocation into the nucleus
(Sieber et al., 2009). More recently, a number of noncanonical, Smad-
independent responses to TGF-β signaling have been identiﬁed in
which activated receptors instead target other signaling pathways,
including branches of the MAPK, PI3K-Akt, RhoA-like small GTPase
pathways (reviewed in Mu et al., 2012; Zhang, 2009).
Both canonical and noncanonical responses to DBL-1 have been
described in C. elegans (reviewed in Gumienny and Savage-Dunn,
2013). DBL-1 functions through the canonical Sma/Mab pathway
and depends on the R-Smads SMA-2 and SMA-3 to regulate body
size, male tail morphogenesis and aversive olfactory learning
(Savage et al., 1996; Zhang and Zhang, 2012). In contrast, a
noncanonical pathway that only requires SMA-3 mediates DBL-1
regulation of innate immunity (Zugasti and Ewbank, 2009).
Here we show that DBL-1 affects gland cell morphology indepen-
dently of both the Sma/Mab pathway R-Smads SMA-2 and SMA-3, as
Fig. 7. dbl-1 expression in M4 rescues dbl-1 and ceh-28 mutant gland cell defects. DIC and ﬂuorescence micrographs of animals of the indicated genotypes expressing phat-
3::yfp in the g1 gland cells. Arrowhead mark in focus g1 processes.
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well as the dauer formation pathway R-Smads DAF-8 and DAF-14.
These observations are consistent with results of previous studies
examining gland cell morphology in mutants with small body size
(Raharjo et al., 2011). While we do see a minor role for the co-Smad
SMA-4 in affecting gland cells, this work suggests a R-Smad indepen-
dent pathway for DBL-1 signaling through the SMA-6 and DAF-4
receptors exists in C. elegans, and this pathway plays a key role in M4
regulation of gland cell morphology.
Dense core vesicle release is not necessary for DBL-1 secretion from
M4
M4 is unique among pharyngeal neurons in that it contains dense
core vesicles (Albertson and Thomson, 1976), and neuronal DCVs are
often associated with neuropeptide secretion (Burgoyne and Morgan,
2003). DCVs have also been shown to mediate regulated secretion of
TGF-β family ligands in chromafﬁn and PC12 cells (Krieglstein and
Unsicker, 1995; Specht et al., 2003), and activity-dependent TGF-β
secretion affecting synaptic plasticity in hippocampal neurons
(Lacmann et al., 2007). Active movement of vesicles is visible in the
g1 gland cell ducts prior to molting and during feeding (Albertson and
Thomson, 1976; Hall and Hedgecock, 1991), and this activity could in
principle be controlled by regulated secretion of DBL-1 from M4 via
DCVs. However, our results indicate DBL-1 is secreted from M4
independently of DCVs, as unc-31 null mutants lacking DCV secretion
exhibit normal gland cell morphology. These results suggest that
DBL-1 is secreted through the constitutive secretory pathway, rather
than through regulated release of DCVs.
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